The evolution of new catalytic activities and specificities within an enzyme superfamily requires the exploration of sequence space for adaptation to a new substrate with retention of those elements required to stabilize key intermediates/transition states. Here, we propose that core residues in the large enzyme family, the haloalkanoic acid dehalogenase enzyme superfamily (HADSF) form a ''mold'' in which the trigonal bipyramidal transition states formed during phosphoryl transfer are stabilized by electrostatic forces. The vanadate complex of the hexose phosphate phosphatase BT4131 from Bacteroides thetaiotaomicron VPI-5482 (HPP) determined at 1.00 Å resolution via X-ray crystallography assumes a trigonal bipyramidal coordination geometry with the nucleophilic Asp-8 and one oxygen ligand at the apical position. Remarkably, the tungstate in the complex determined to 1.03 Å resolution assumes the same coordination geometry. The contribution of the general acid/base residue Asp-10 in the stabilization of the trigonal bipyramidal species via hydrogen-bond formation with the apical oxygen atom is evidenced by the 1.52 Å structure of the D10A mutant bound to vanadate. This structure shows a collapse of the trigonal bipyramidal geometry with displacement of the water molecule formerly occupying the apical position. Furthermore, the 1.07 Å resolution structure of the D10A mutant complexed with tungstate shows the tungstate to be in a typical ''phosphate-like'' tetrahedral configuration. The analysis of 12 liganded HADSF structures deposited in the protein data bank (PDB) identified stringently conserved elements that stabilize the trigonal bipyramidal transition states by engaging in favorable electrostatic interactions with the axial and equatorial atoms of the transferring phosphoryl group.
T hrough the use of covalent, general acid, and/or general base catalysis, enzymes are able to provide an alternate, more energetically favorable chemical pathway from reactant to product than is possible in aqueous solvent. Equally important is the ability of the enzyme to employ electrostatic interactions to minimize the energies of the transition states formed along this chemical pathway. The library of enzyme catalysts that exists in nature was formed over time by the duplication of genes encoding enzymes that catalyze life-sustaining reactions, followed by the divergent evolution of the gene copies via random mutation and selection. Each newly evolved enzyme inherits the catalytic site of its predecessor with strategic alterations for binding a novel reactant and processing it along the same chemical pathway or along a unique pathway. Understanding this process, in chemical terms, is an important goal shared by many mechanistic enzymologists.
Here, we examine the conservation of structural elements for transition-state stabilization that has taken place during the evolution of a large enzyme family, the haloalkanoic acid dehalogenase enzyme superfamily (HADSF). This family is dominated by phosphotransferases; the majority of which are hydrolases (phosphatases and ATPases) and the minority of which are hexose phosphate mutases (1) (Fig. 1) . The HADSF phosphotransferases have in common a core domain that binds the Mg 2ϩ cofactor and the organophosphate reactant in an orientation that allows attack by the Asp nucleophile and general acid/base catalysis by the Asp positioned two residues upstream (the Aspϩ2 residue) ( Fig. 1) (1, 2). The aspartylphosphate intermediate then undergoes phosphoryl-group transfer to a water molecule (in the phosphatases) or to a sugar hydroxyl group (in the mutases).
The extensive biochemical range of the HADSF indicates that the catalytic scaffold is easily adapted for catalysis of phosphoryl transfer in novel substrates (1, 3) . Earlier work showed that substrate-recognition elements and chemical-catalysis elements are separately located (4) (5) (6) (7) (8) (9) . Specifically, substrate recognition is delegated to residues located outside of the core domain active site cleft, whereas phosphoryl transfer is mediated by residues located deep inside this cleft. Whereas the substrate recognition residues are divergent among family members, the catalytic residues are conserved; thus, the catalytic residues are referred to as the ''core residues'' because they comprise the catalytic unit common to all HADSF phosphotransferases. Here, we propose that these core residues form a ''mold'' in which the trigonal bipyramidal transitionstates leading from the enzyme-substrate complex to the aspartylphosphate intermediate and, hence, to the enzyme-product complex are stabilized by electrostatic forces.
The idea of a mold for casting the trigonal bipyramidal transition state was prompted by snap shots of the ␤-phosphoglucomutase (␤PGM) active site derived from crystal and solution structure determinations. First, the structure of the ␤PGM(Mg 2ϩ )(glucose-6-phosphate-1-aspartylphosphorane) complex comprises the trigonal bipyramidal phosphorane intermediate formed by attack of the Asp nucleophile at the C(1)phosphoryl group of the ␤-glucose-1,6-(bis)phosphate reactant [ Fig. 2A and supporting information (SI) Fig. S1 ] (2, 10-13, §). The comparison of this structure to that reported for the ␤PGM(Mg 2ϩ )aspartylphosphate intermediate (2) , revealed the active role that the enzyme core residues play in stabilization of the trigonal bipyramidal phosphorane intermediate. Specifically, the electrostatic interactions with electropositive groups occur at shorter distances in the ␤PGM(Mg 2ϩ )(glucose-6-phosphate-1-aspartylphosphorane) complex and the number of participating electropositive residues are increased (10) . The propensity for the catalytic site to assume the conformation that complements the trigonal bipyramidal phosphorane became evident when the structure of the ␤PGM (␣-galactose-1-phosphate) complex was solved ( Fig. 2B and Fig. S1 ) (11) . ␣-Galactose-1-phosphate is a tight-binding competitive inhibitor of ␤PGM rather than a substrate (6, 11) (SI Text). The structure of the crystalline ␤PGM(Mg 2ϩ )(␣-galactose-1-phosphate) complex revealed that the ␣-galactose-1-phosphate is oriented in the active site with the C(1)phosphate in the region of the active site that binds the ''nontransferring'' phosphoryl group and the ␣-galactose-1-phosphate C(6)OH is in the region of the active site that binds the ''transferring'' phosphoryl group. Three highly ordered water molecules are observed to fill the space between the ligand C(6)OH and the Asp nucleophile. The orientation of the water molecules is striking because it coincides with the three equatorial oxygen atoms of the phosphorane observed in the ␤PGM(Mg 2ϩ )(glucose-6-phosphate-1-aspartylphosphorane) complex ( Fig. 2B and Fig. S1 ). The ␣-galactose-1-phosphate C(6)OH and the Asp nucleophile assume the two apical positions of this mock trigonal bipyramid complex. Notably, the water molecules are held in position by the same hydrogen-bond donors used to bind the three equatorial oxygen atoms of the phosphorane intermediate.
The work described here was carried out to test the hypothesis that the trigonal bipyramidal phosphorane mold observed in ␤PGM is conserved in the phosphatase branch of the HADSF. Previously, the x-ray structure of phosphoserine phosphatase crystallized from an equilibrium mixture of AlF 3 and AlF 4 Ϫ identified an Al 3ϩ coordination complex of trigonal bipyramidal geometry (9) . The apical positions are occupied by the Asp nucleophile and a water ligand, whereas F Ϫ ligands fill the three equatorial positions. This structure is representative of the structure of the transition state for the aspartylphosphate hydrolysis step catalyzed by phosphoserine phosphatase. The structure of the sarcoplasmic reticulum H ϩ , Ca 2ϩ /ATPase bound to AlF 3 , and ADP provided evidence that the transition state formed in the first partial reaction (leading to the aspartylphosphate intermediate) has trigonal bipyramidal geometry (17) . In this structure, the Asp nucleophile and the ␤-phosphoryl group of the ADP ligand fill the apical positions and the F Ϫ ions fill the three equatorial positions. These two structures are consistent with the presence of a mold for the trigonal bipyramidal phosphorane in these two HADSF phosphatases, but they fall short of providing proof of concept. The reason for this is that the observed complex is an energetically favorable one for AlF 3 , and, therefore, the enzyme need not play an active role in its formation and stabilization other than by supplying the oxygen ligands at the two apical positions. A true test for the operation of the trigonal bipyramidal phosphorane mold is the ability of the phosphatase to form and stabilize a high energy trigonal bipyramidal complex.
The HADSF phosphatase selected for the test case is hexose phosphate phosphatase (HPP, BT4131 from Bacteroides thetaiotaomicron VPI-5482). Previous work carried out in our laboratories showed that this enzyme consists of a core domain and a type C2B cap domain with the active site at the domain-domain interface (4) . The catalysis of hexose phosphate hydrolysis occurs with modest specificity and catalytic efficiency (k cat /K m Ϸ 1 ϫ 10 4 M Ϫ1 ⅐s Ϫ1 ). Here, we report the high-resolution structures of wild-type and mutant HPP bound with Mg 2ϩ and vanadate or tungstate. The key finding is that tungstate is observed to assume a rare pentavalent trigonal coordination geometry in which the Asp-8 and an oxygen atom occupy the apical positions.
Results and Discussion
Comparison of Valency Expansion in Phosphate, Tungstate, and Vanadate. The present investigation was carried out to test the hypothesis that the HADSF catalytic site presents a sterically confined, electrostatically defined mold for stabilization of a trigonal bipyramidal phosphorane-like transition state. A structure-activity-based approach (18) was used, in which the reactant phosphorus atom, which is resistant to expansion of its valency in the IV oxidation state beyond four unless further stabilized (19) , is replaced with an element that is more amenable to valency expansion. For this purpose, we selected the elements vanadium and tungsten. Vanadium in the [V] oxidation state, namely VO 4 3Ϫ (vanadate), is commonly used as a structural probe of phosphotransferase active sites (20) . Vanadate readily accepts ligands to form a pentacovalent coordination complex with trigonal bipyramidal geometry (21) . The x-ray structures of phosphotransferases complexed with vanadate provide a visual guide to the interactions that occur between active-site residues and the transition state(s) formed along the reaction coordinate that structures of phosphotransferases complexed with phosphate or phosphate ester substrates have, with only a few exceptions (10, (22) (23) (24) , failed to do. To demonstrate the existence of a conserved trigonal bipyramidal mold in the HADSF phosphatase subfamily, a phosphate analog is needed that is more resistant to valency expansion than is vandate yet more pliable than orthophosphate (19, 25) . Tungstate proved to be the ideal probe.
Inspection of the small-molecule and protein structure databases provided an empirical framework that could be used to evaluate the tendency of tungstate to form a pentavalent, trigonal bipyramidal complex. The analysis of the entries of the Cambridge small-molecule database (www.ccdc.cam.ac.uk/ products/csd) provided evidence that the pentacoordinate trigonal bipyrimidal geometry is not a common coordination state § An alternative interpretation of the x-ray coordinates was given in a recent report of the solution NMR structure determination of the complex formed from an equilibrium mixture of ␤PGM, MgCl2, NH4F and glucose-6-phosphate at neutral pH (14) . The authors claim that their NMR data evidence a ␤PGM(Mg 2ϩ )(glucose-6-phosphate) (MgF3 Ϫ ) complex in which the Mg(F)3 Ϫ species assumes the position of the transferring phosphoryl group exchanged between the aspartylphosphate and the glucose-6-phosphate C(1)OH during normal catalytic turnover and that because the crystals of ␤PGM were grown in the presence of MgCl2 and NH4F that the x-ray structure depicts the ␤PGM(Mg 2ϩ )(glucose-6-phosphate) (MgF3 Ϫ ) complex and not the ␤PGM(Mg 2ϩ )(glucose-6-phosphate-1-aspartylphosphorane) complex. Earlier publications have supported the assignment of the x-ray structure as the ␤PGM(Mg 2ϩ )(glucose-6-phosphate-1-aspartylphosphorane) complex (3, 4, 10 -13, 15, 16). (25) . There are only four reported enzyme structures in which the bound tungsten is at a higher valency state. The structures of phospholipase D and tyrosyl-DNA phosphodiesterase [PDB ID codes 1V0R (22) and 1MU7 (28) ] reveal six ligands to tungsten in an octahedral geometry (the preferred state in solution at pH Ͻ4). One ligand is derived from an enzyme active-site residue, and the others are derived from either water or cryoprotectant molecules. Tungsten in a pentavalent trigonal bipyramidal geometry is observed in the structures of two enzymes from the same fold-family (HIT): the Fragile histidine triad protein [PDB ID code 6FIT (29) ] and protein kinase C-interacting protein [PDB ID code 1KPE (29) ], which both use a His nucleophile to displace the ␤-phosphoryl group from the ␣-phosphoryl of a nucleoside diphosphate containing substrate (SI Text) Thus, although the pentavalent trigonal bipyramidal geometry is common for phosphotransferase bound vandate, it is rare for phosphotransferase bound tungstate and has not been observed for phosphotransferase bound orthophosphate.
Structure Analysis of Wild-type HPP Complexes. The x-ray structures of the HPP complexes bound with vanadate ( Fig. 3A) and tungstate (Fig. 3B) were solved at 1.00 and 1.03 Å resolution, respectively. Notably, the vanadium atom is covalently bonded to the nucleophilic Asp-8 carboxylate oxygen atom and to four oxygen atoms (a diagram showing the covalent and hydrogen bond lengths for all pertinent atoms is shown in Fig. S2 ). This structure mirrors the apical attack of the water nucleophile at the phosphorus atom of the aspartylphosphate intermediate. Collectively, the three equatorial oxygen atoms form hydrogen bonds with the backbone amide NH of Asp-10, the side chain of Thr-43, the backbone amide NH of Ile-9, the side-chain amide of Asn-214, the backbone amide NH of Gly-44, and the amino group of Lys 188. In addition, one of the equatorial oxygen atoms coordinates to the Mg 2ϩ cofactor. This network of interactions is important to the stabilization of the trigonal-bipyramidal transition states formed during catalytic turnover of the phosphate-ester substrate. Notably, the apical oxygen atom, in-line with the apical Asp-8 oxygen atom, engages in hydrogen bond formation (2.7 Å) with the carboxylic acid group of Asp-10 (Fig. S2) . The key observation is that the structure of the crystalline wild-type HPP(Mg 2ϩ ) (tungstate) complex (1.03 Å resolution) reveals the same pentavalent trigonal bipyramidal geometry and stabilizing hydrogen-bond interactions (Fig. 3B and Fig. S2 ) as are observed for the vanadate complex. It should be noted that the large number of scattering electrons in tungsten makes the identification of tungstate unique and that this density cannot be assigned to any other small molecule (or combination of small molecules) present in the crystallization milieu. Therefore, this structure is unequivocal evidence that the HPP catalytic site catalyzes the addition of Asp-8 to tetrahedral tungstate to form a stabilized pentacovalent trigonal bipyamidal complex analogous to that formed by the attack of Asp-10 activated water at the phosphorus of the HPP aspartylphosphate intermediate.
The competitive inhibition constants of phosphate, vanadate, and tungstate reflect the amount of binding energy that is expended on transforming these ligands to the pentacovalent trigonal bipyamidal coordination geometry. Whereas phosphate binds weakly (K i ϭ 5.2 mM), tungstate binds with a moderate affinity (K i ϭ 65 M) and the more malleable vanadate binds with high affinity (K i ϭ 510 nM). The ability of vanadate to bind to phosphotransferases much more tightly than does substrate has been attributed to its ability to adopt the pentavalent trigonal-bipyramidal geometry recognized as the transition state geometry by the enzyme (30).
The Asp؉2 Residue Asp-10 Is an Essential Component of the HADSF
Trigonal-Bipyramidal Active Site Mold. The vanadate and tungstate complex structures show that Asp-10 engages in a hydrogenbond interaction with the oxygen ligand. This is clear evidence of its role as a general base in the catalysis of the second partial reaction (as a hydrogen bond acceptor from the water nucleophile) and as a general acid in the catalysis of the first partial reaction (as a hydrogen bond donor to the leaving group oxygen atom). The trigonal-bipyramidal transition states are thus stabilized in part through interaction with Asp-10. To test whether Asp-10 makes a significant contribution to the HADSF trigonalbipyramidal active site mold, the catalytic efficiency and structure of the Asp10Ala (D10A) mutant were determined.
HPP, like most HADSF phosphatases, displays a broad phosphate-ester substrate range. This allowed us to examine its contribution to the rate of hydrolysis of a substrate [glucose 6-phosphate (G6P)] that contains a high-energy leaving group [glucose C(6)O Ϫ alkoxide anion] and its contribution to the rate of hydrolysis of a substrate [p-nitrophenylphosphate (PNPP)] that possesses a low energy leaving group (p-nitrophenoxide anion). The k cat for the hydrolysis of the more demanding substrate is reduced 10,000-fold in the mutant (Table 1) . We assume that the first partial reaction is rate limiting and that the observed rate reduction reflects the increase in energy of the trigonal-bipyramidal transition state in which the Asp nucleophile (Asp-8) and the glucose C(6)O Ϫ alkoxide anion occupy the apical positions. The k cat for hydrolysis of the PNPP is reduced 200-fold in the mutant. In this case, the rate-limiting transition state might be associated with the second partial reaction, the hydrolysis of the aspartylphosphate intermediate. The contribution of Asp-10 is consistent with the rate contribution of a general base to the rate of hydrolysis of a covalent enzyme ester intermediate (31) . Thus, we conclude that the Asp-10 contributes to the trigonal-bipyramidal mold that frames the transition states of both partial reactions, and that this contribution is most pronounced in the stabilization of the transition state of the first partial reaction. The impact of the D10A mutation on the ability of HPP to stabilize the trigonal-bipyramidal transition state is evident from the differences that exist between the structures of the HPP-D10A(Mg 2ϩ ) (vanadate) and HPP-D10A(Mg 2ϩ ) (tungstate) complexes and the corresponding complexes formed by the wild-type enzyme. The 1.52 Å structure of the D10A mutant bound to vanadate (Fig. 4A ) reveals a tetravalent complex. A water molecule is located nearby, but it is not in-line with the Asp-8 carboxylate, nor is it within covalent bond distance to the vanadium atom (see SI Text). Overall, the vanadate assumes distorted tetrahedral geometry, in which the bond angles to the nonbridging oxygen atoms are greater than the ideal angle. Analysis of the anisotropic temperature factors for the structures resolved at Ͻ1.2 Å suggests the movement of the nonbridging oxygens in a direction parallel to the axial plane (Fig. S3) , which may be reflected in the distorted geometry observed in this structure. The HPP-D10A active site stabilizes the tetravalent Asp-8-vanadate complex and binds the water molecule via hydrogen bond interactions with the Arg-45 side chain and a vanadate oxygen atom. The change in the structure of the active-site complex is reflected in the 1,400-fold reduction in vanadate binding affinity to the D10A mutant vs. wild-type HPP ( Table 1 ). The tetravalent Asp-8-vanadate adduct is a mimic of the Asp-8-phosphate intermediate and not the pentavalent trigonal-bipyramidal transition state. Thus, the inability of the active site of the HPP-D10A mutant to stabilize the pentavalent trigonal-bipyramidal vanadate complex demonstrates the crucial role that Asp-10 plays in creating the active-site mold.
The contribution of Asp-10 to the stabilization of the pentavalent trigonal-bipyramidal tungstate is also evidenced by the structure of the HPP-D10A mutant complexed with tungstate (Fig. 4b) . In this complex, the tungstate assumes a sterically and energetically favored tetrahedral configuration [see Fig. S2 and Fig. 4 for comparison of bond lengths and angles to an ''ideal'' tetrahedral tungstate (PDB ID code 1FR3 (32) ]. This ''groundstate'' complex resembles those observed for HADSF phosphotransferases bound to phosphate or phosphate analogs. Specifically, three of the oxygen atoms interact with the Mg 2ϩ cofactor and the enzyme residues Ala-10, Ile-9, Gly-44, Thr-43, Lys-188, and Asn-214. The oxygen atom positioned ''in line'' with the Asp-8 nucleophile forms a hydrogen bond with Arg-45. The absence of the side chain of Asp-10 allows the side chain of Arg-45 to form a salt bridge with the cap domain residue Glu-180. There is no water molecule observed in the space vacated by substitution of the Asp-10 side chain with the methyl group of Ala in the D10A mutant. The absence of a water molecule replacing the carboxylate moiety in the mutant protein is significant, indicating that the mutated Asp is part of a preorganized environment supported in its exact position by the protein folding energy (33) . The inhibitory activity of tungstate toward HPP-D10A is comparable with that observed with wild-type HPP (Table 1 ). This result suggests that the favorable energy gained from the coordination of the Asp-10 carboxylate oxygen to the tungstate (and the increased interaction of the trigonal-bipyramidal adduct with the active-site residues) is approximately equal to the energy required to distort the geometry of tungstate. Unfortunately, the ⌬G of stabilization of the trigonal bipyramidal form of tungstate cannot be estimated at this time because the corresponding equilibrium in aqueous solution for monomeric species is not known.
Conservation of the Trigonal-Bipyramidal Mold Among HADSF Phosphotransferases. The essential nature of the role of Asp-10 in transition-state stabilization is supported by the finding that in all HADSF subfamilies, the equivalent residue (the second D of the DXD motif conserved among HAD phosphatases and phosphomutases) is itself positioned by a salt-bridge or hydrogen bond formed with a residue that is conserved in role, but not in identity (4, 34) . In HPP this residue, Arg-45 forms a salt bridge with Asp-10. Mutation of Arg-45 to Ala produces a diminution in activity (k cat Ͻ 1 ϫ 10 Ϫ5 ⅐s Ϫ1 ) similar in magnitude to that resulting from the mutation of Asp-10 ( Table 1) . Analysis of HADSF phosphohydrolases from all members for that liganded structures are available (the current structures and PDB ID codes 1L7N, 1TA0, 2C4N, 1U7O, 2HLL, 1Q91, and 1WZC), and encompassing all three subfamilies reveals that the Aspϩ2 general base is held in position by a hydrogen bond formed with the side chain of a residue (Thr, Tyr, Arg, Trp, or Lys) that is located at the same active site position as the Arg-45 in HPP.
A composite trigonal-bipyramidal mold for all HADSF phosphotransferases was also derived from this analysis (Fig. 5) . The mold is formed in part by amino acid side chains and in part by backbone amide groups. The use of backbone amide groups in the stabilization of the trigonal-bipyramidal transition state evidences the direct connection between fold and catalytic function.
Materials and Methods
Procedures used for protein preparation and kinetic analysis were performed as described in ref. 4 
(see SI Text).
Crystallization and Diffraction Data Collection. The purified wild-type and D10A mutant HPP proteins (Ϸ17-34 mg/ml) in 1 mM Hepes (pH 7.0) were crystallized using the hanging drop method. Equal volumes (2 l) of protein solution were mixed with a well solution consisting of 30% wt/vol polyethelene glycol (PEG) 1,500, 10 mM MgCl 2, and 5 mM either sodium tungstate or sodium orthovanadate at room temperature (Ϸ25°C). The purified HPP wild-type protein (17 mg/ml) was also crystallized in 10 mM MgCl 2, 0.2 M NH 4OAc, 0.1 M Bis-Tris (pH 5.5), and 25% PEG 3350 at room temperature (Ϸ25°C). Large orthorhombic crystals appeared within several days. The crystals obtained from the PEG 3350 solution were soaked with mother liquor plus 2 mM sodium orthovanadate for 2 h before data collection. Orthovanadate solutions were prepared fresh by boiling sodium orthovanadate in water for 30 min.
Crystals were frozen for data collection by passing them through 100% Paratone-N (Hampton Research) and then placing them directly in a stream of nitrogen gas cooled by liquid nitrogen. Diffraction data were collected at Ϫ180°C, using CuK␣ radiation from a Rigaku RU-300 generator equipped with an R-Axis IV 2ϩ image plate located at Boston University School of Medicine (D10A mutant/VO 4) or the X-12C beamline equipped with ADSC Q210 CCD detector (wild type/WO 4 and D10A mutant/WO4) or the X-12B beamline equipped with ADSC Q4 CCD detector (wild type/VO 4) at Brookhaven National Laboratory. Data were indexed and integrated by using DENZO and scaled by using SCALEPACK (35) . Data collection statistics are summarized in Table 2 . Both crystal forms are orthorhombic and belong to space group P2 12121.
Phase Determination, Refinement, and the Final Model. The phases were solved via the molecular replacement method, using the published HPP structure (PDB ID code 1YMQ) excluding any ligand as the search model. The program MOLREP (36) in the CCP4 program suite was used to solve the rotation and translation functions and the models were further refined by using CNS (37) and SHELX (except for the D10A mutant/VO 4 structure) (38) .
Successive rounds of manual rebuilding were performed by using the molecular graphics program Coot (39) alternating with rounds of minimization and simulated annealing in CNS (37) . High-resolution (Ͻ1.5 Å) structures were further refined by using SHELX (38) . Refinement statistics are summarized in Table 2 and Table S1 . 
